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ABSTRACT

A complex least squares adaptive lattice algorithm (1) has been

implemented on the ARL VAX/VMS computer as an inverse all zero filter.

A FORTRN program package is presented which also includes a recursive

realization of a pole-zero prefilter and an input signal generator. A

series of examples is taken from the speech field, using the inverse

filter to deconvolve speech signals produced by vocal tract models of

varying complexity. The input to the prefilter is shown to be accurately

recovered as the output of the inverse filter.
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INTRODUCTION

A complex least squares lattice adaptive algorithm (1) has been

implemented on the ARL VAX/VMS computer as an inverse all zero filter.

An interactive FORTRAN program package is presented which also includes

a recursive realization of a pole-zero prefilter and an input signal

generator. No knowledge of FORTRAN is required to use the package. The

input signal characteristics, filter coefficients and critical lattice

parameters are all user specified.

Three classes of adaptive algorithms are treated in the literature:

(Widrow's) LMS, the gradient lattice, and the least squares lattice. Of

the three, the least squares adaptive lattice algorithm has been shown

to have the fastest convergence rate (2,3). For this reason, it has

been used successfully in a wide range of applications; i.e., data decon-

volution, system identification, speech processing, and spectral whitening.

The program package described in this memorandum was developed with these

applications in mind.

BACKGROUND

Consider a filter with transfer function

H(,) = Zz__ B(z)
V(z) A(z)

where

NPOLE k NPOLE
A(z) I + E Akz E Akz-k A

k=l k=O

m * • I-.A -M-
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and

NZERO k NZERO k B = I
B(z) = I + 2 Bkz = 2 Bkz -

' B

k=1 k=O

then Z(z)A(z) = B(z)V(z) and, after takin. inverse z transforms" of both

sides, the filter can be realized in the time domain by' the fol1owiig

recursion:

NPOLE NZFRO
z(n) + Z Ak z(n1-k) = v(u) + E 1 Bk ','(:-k)

k=l kk=

or

NPOLE NZLRtO
z(n) = - 2 "k z(n-k) + v(n) + E Bk v n1-)

k=l k=1

The roots of A(z) are the poles of the svstem; the roots of B(z) are the

zeroes of the system. For stability, these roots must lie outside the

-l
unit circle because they are roots of polynomials in z

The resonances and antiresonances of the human vocal tract (for a

particular steady state vowel sound) can be modeled by poles and zeroes,

respectively, in the z plane. It is a common practice in the speech field

to model these formants with an all pole model rather than with poles and

zeroes; adding a sufficient number of poles has been shown to closely

approximate the effect of the zeroes. The roots of the denominator polv-

nomial are related to the vocal tract formants by the following express-

ion (5):

, -k T +j27FkT
zk , zk =Z 2 k' Z2k-l =e e
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where Fk is tile formant frequenc: and 2ak is the bandwidth of the kth

formant. There will be a pair of complex conjugate poles for each formant

frequencv; the order ot the system will be twice the number of formants.

Then

HW) = NPOLE

TT (l+zkz -
k=l

For the all-pole model, the time domain recursion becomes

NPOLE
z(n) = -Z Ak z(n-k) + v(n).

k=l

An inverse filter for the system of Equation I would have the trans-

fer function

H(z) = A(z)
S(z)

For the speech case (all-pole prefilter), the inverse filter would be

all-zero:

1 1
H Wz = Az ()= ____
pre Hinv(z) H (z)pre

Obviously, if the systems are cascaded, the input to the prefilter will

be recovered as the output of the inverse filter.

A complex adaptive lattice structure has been used to develop the

inverse filter. The actual lattice algorithm is taken from (I). Users

are referred to (2) and (3) and the references cited therein for the

derivations of the complex least squares adaptive lattice algorithm.

V , +- . . Now
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PROGRAM PACKAGE

The lattice program p,:ckage consists of the following interactive

FORTRAN programs:

GEN.FOR input generator

FILTER.FOR prefilter and realization of

the lattice filter

LSL.FOR complex adaptive lattice processor

the following subroutines:

SYNTH synthesizes complex polynomial
from formants and bandwidths

SYNTHI synthesizes complex polynomial

from its roots

ZCPOLY solves polynomial withi complex

coefficients

and the following functions:

MTHSRANDOM (VAX/VMS library) uniform random

number generator

AlL-XLOC finds location of highest value

in an array

ARR.AX finds highest value in an array

The execution of the programs may be controlled by either one of

two command procedures: LATTICE.COM when using a VTOO terminal, or

LATTEK.COM when using the Tektronix terminal in Room 358, ASB. These

command procedures are given in Appendix A. They may be invoked by

typing JLATTICE and )LATTEK, respectively. The following command should

be placed into either the command procedure or the user's LOGIN.COM file

to allow access to the IMSL package. If LNK$LIBRARY has already been

assigned, use LNK$LIBR,%RYI or the next highest unassigned library.

$ASSIGN DRAO: [SYSTEM]IM\SLIBS.OLB LNK$LIBRARY
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Appendix B presents a sample terminal session for the case illustrated

in Figure 3. For the user interested in modifying the programs, the rest

of this memorandum deals with the structure of the individual programs.

Figure 7 illustrates the calling hierarchy of the lattice package.

The inputs to program LSL are Gaussian white noise and the output time

series z(n) from program FILTER.FOR. The outputs from LSL are the set of

inverse filter coefficients (Ak; k=l, ... NZERO) to which the lattice has

adapted after the requested number of iterations, and the time series

output e p(n) which is equivalent to the result of passing the inp time

series z(n) through the transfer function H(z) = A(z). The o1tpL ilter

coefficients are fed back into program FILTER to be realized recL ,'ely

with input z(n). Thus, since program FILTER operates for any H(z c

is both a prefilter and the realization of the lattice filter.

A sample case, then, may be illustrated by a series of five plots

(Figures 3-6). The relationships between the plots are shown by the

block diagram in Figure 2:

(a) input time series

(b) prefilter transfer function

(c) output of the prefilter

(d) lattice (inverse) filter transfer function

(realized by program FILTER)

(e) output of the lattice filter

So that the filter outputs may be most easily evaluated, the filter outputs

(c) and (e) for deterministic prefilter inputs are time series plots; for

a stochastic input, the outputs (c) and (e) are power spectra. The time

series plots (c) and (e) (from above) for the deterministic case are

,. "-.P.. . .
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presenited in Figures 3-6 fcr cne pe~r jod of tile wave form af ter the t imV

ser ies h~as stabilIized (or adap ted) Again, thet output Of thle lattice

lte r should ipproximate Liet, input to tile pref i ter if the latt ice is a

true inverse filter. It is 0:nvious that seine measure? of goodness of thle

inverse f iltr s;hould be applied to the outpu)Lt Of the lat tice f ilter .

At prteent , onily- a graph icail compa r i son has been at temp ted . iHO'we Ve2r

Grvand Iarke I (7;) iun s spec tral flatness MeaS, re which '.:11 help

to s-moothl the di isc:oilt 1Inn it i"S ill t 2 power spcC t rum caused byV the, occur-

renc e cf the2 injVerse fii Ite r ne roes betin of fset by a f ew liz . i ~ he

pref-lter ;o1 es. .*\1so, a 7ea-n square error criterion iign eappliedi to

thec dii icrence ne tWeen thet determinist ic time seie utjput (e2rror sLiJa)

a nd tile input time sc es . vhe t raiisf er funct ion of the2 latt ice filter

s Iie(n I d b e t lie i n vers e o f th Ip )r ef i I tecr t ra ns fer fu n ct ionl. Thus ,where

tuhe p)re f i I tecr hias po le s ( peaks ) thle inlve rse ti iter wil haive ze roeus (d ips)

('EN . Fo R

Program GEN .FOR 4enerates both Gaussian white noise ana anl impulse

sequeitncec. A more iccurate approximat ion to thle glottal wave is ive in

( 7) . However, since tihe thrust of tis work is aimed at demonstrating,

thlat thle latice filter is indeed an accurate inverse f ilter, the two

eases used SO far ire suf f ic jent nodelis of voiced and unvoiced steady

state vocal tract excitations.

Prog(ram GEN. FOR calls tile Uniform rando-, lumber generator, MIISRANP~oM.

from the VAX/CMS I ibrarv. The Gausian noise is then developed following(

a technique from (9) . Tile output ti1me series Lire in complex format but

the imaginary parts are, zero. The samipling frequency is 10 kiiz. For

-- -.h,. ~ ~ ' .~-A,
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the complex impulse input, the frequency is var ible; the example s shown

in Figures 3 and 5 use FO = 125 Hz, a reasonable fundamental frequency

for an adult male voice. The interactive user inputs to program CEN

are FO, fundamental frequency; M, number of desired samples; -nd c, the

standard deviation of the noise. The time series are each stored in an

output disk file.

FILTER. FOR

The user selects the desired type of input and the source of the

filter coefficients. Several options exist concerning specification of

coefficients. The formant frequencies and their bandwidths may be spec-

ified and the coefficients calculated from subroutine SYNiT and then

stored on disk. The stored coefficients may be used with another input

option, reading in coefficients from disk. The coefficients may be typed

in directly from the keyboard. For the realization of the lattice (inverse)

filter, the forward predictor (outputs from program LSL) coefficients

may be read in from disk as the lattice filter coefficients. The other

interactive user inputs to FILTER.FOR are M, desired number of time

samples; NPOLE, number of poles; and NZERO, the number of zeroes. It is

possible to specify a prefilter transfer function which has both poles

and zeroes (the inverse filter would still be all zero). The modeling

of a pole zero process bv an all-pole process is discussed by Friedlander

and Maitra (6). The examples presented here involve prefilters containing

only poles for the purpose of illustrating the accuracy of the all-zero

inverse filter.
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The filter gain is computed by the followin,, formula:

9

E z (n) 2
n=l outC I O LOG-
N2

v - (n) in
n=l

= 2 = (2 2 "2
where = 0 and a = = a + a

z x %

The filter transfer function is realized from the filter coefficients

by the following formula:

OLOGI( 0 LOG- - 20 LOG 1 .A~z) Atz) A "( (Z

lor the prefilter and

20 LOG A(z)j = 20 LOG (A (z). A*(z))2

for the lattice filter, where

NPOLE
A(z) = 1 + Z Ak e

k=l

The frequencv range of the plots is 0-5000 Hz.

The output power spectrum is computed (4) for the stochastic case

from 10 LOG P(wj) where

Pin IH 1 = in ( A(z) A*(z)

2 2For the prefilter, P in() = in = ov . For the lattice filter, P in(a)

2
will be P out() from the prefilter, and P(w) = P.ni) • jI(w)

Pn(o)• A(z)• A*(z). Again, the frequency range of the plots is 0-5000 Hz.

ini
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LSL. FOR

Figure 1 shows the structure of the least squares complex adaptive

lattice. Table I lists The lattice parameters and their relationships to

the text equations in (3) and to the FORTRAN code in (1). The algorithm

from (1) has been modified (from RATFOR) for use by the ARL VAX/VMS

computer. Users are referred to (2) for a detailed explanation of filter

parameters. The interactive user inputs to program LSL are SNR, desired

signal to noise ratio in dB; ALSL, value of DLCLSL; P, order of the filter;

and LIM, the desired number of iterations. After LIM number of itera-

tions, the forward predictor coefficients become the filter coefficients

of the inverse filter. The convergence properties of this lattice

structure have been studied by Hodgkiss (2,3) and are not considered

here. The maximum allowable number of iterations is set at 5000 which

allows the lattice more than enough time to adapt.

Subroutine ZCPOLY solves the filter polynomial to make sure the

roots are outside the unit circle. If a root is inside the unit circle,

it is inverted and a new polynomial is synthesized with subroutine SYNTH1.

The coefficients are then stored on disk for use by program FILTER.

The forward and backward reflection (PARCOR) coefficients are also

stored on disk for possible future use. These parameters are related to

the reflection coefficients of an acoustic tube model of the vocal tract.

The next step in this research effort will involve making use of these

coefficients to directly identify the prefilter transfer function.

Table II lists the prefilter coefficients, final lattice coefficients,

and both sets of final PARCOR coefficients for the four sample cases

presented in Figures 3-6.

I ... .... . . ' -
*" . ra "--,--i.s . -c . - .

-
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The desired signal to noise ratio is achieved by scaling down the

added noise (of user specified standard deviation from GEN.FOR) rather

than scaling up the signal. This is accomplished by solving for the

desired o of the noise (8):
L IM
E sig (n)

SNR = 10 LOG nl

LIM
Z noise (n)

n=l

taking the antilog:
LIM
Z sig-(n)

10(SNR/10) n=l
LIM

E noise2 (n)
n= 1

LIM
LIM E sig-(n)
E noise 2 (n) n=1

n=l iO(SN 
i,' 0)

LIM LIM
Z noise- n) Z Sig (n)

n=1 2 n=1

LIM noise LIM i0(S NR/l0)
IM 10

E sig2 ( 1
anoise - ~ (SNR/10)1I

SLIM , 1

a
noise

Therefore, multiply the noise samples by the factor nisa.
input
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aGEN-FOR F,) M

Gauss ian I'li te Impulise

Noise

Tvpc in Formants 1

Type in Weighnts FILTER.FOR ',,, Npoie, Nzero

Read inRecursive Realization of

Filter Transfer Function

Error Signal e p(n)

All Zero Lattice (Inverse)p

ite WowrdRflcioghtCR)Cefiiet

B->ckward Reflection (PARCOR) Coefficients

FIGURE 7. CALLING HIERARCHY AND STRUCTURE OF COMAND PROCEDURE
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Case I Prefilter Prefilter Prefilter Lattice Filtcr
Figure No j Formant, 11z Bandwidth, liz i Ak k=l .po I , k= . ..Nztr

2500.00 150.00 0.000000 0.000003
2 000.985112 0.995760

4 2500.00 150.00 0.000000 -0.002642

0.985112 1 0.985765

5 650.30 94.10 -0.266366 -0.232250

1075.70 91.40 -0.522137 -0.543238
2463.10 107.40 0.174152 0.145o3
3558.30 198.70 0,247624 0.2111185

4631.30 89.80 0.513600( 0.51539o

0.260513 0.260130
0.141718 0.067095

-0.496971 -0.420906

-0.241914 -0.221051

0.943518 0.860902

6 650.30 1 94.10 -0.266366 -0.263710

1075.70 91.40 -0.522137 -0.529765
2463.10 107.40 0.174152 0.172208

3558.30 198.70 0.247624 0.254260

1 4631.30 89.80 0.513600 0.508698
0.260513 0.264767

0.141718 0.146636

-0.496971 - 0.505169
-0.24191' -0.236822

0.943518 0.941123

TABLE II

FORM,\%T FREQUENCIES, Th1EIR BANDWIDTHS, AND CORRESPONDING
FILTER COEFFICIENTS FOR THE FOUR INPUT CASES DEPICTED IN FIGS. 3-6
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